Background. After surgery of the long head of the biceps tendon, the examination of the biceps brachii muscle function and strength is common clinical practice. The muscle strength is usually compared with the uninjured contralateral side or with a matched pair group assuming that the uninjured side can be used as an appropriate reference. Hypothesis/Purpose. The purpose of this study was to define reference values of the supination and flexion strength in the elbow joint and to investigate the influence of the arm positions and various anthropometric factors. Methods. 105 participants without any shoulder pathologies were enrolled. A full medical history was obtained and a physical examination was performed. The bilateral isometric testing included the supination torque in various forearm positions and elbow flexion strength with a custom engineered dynamometer. Multiple linear regression analysis was used to investigate the correlation of the strength and anthropometric factors. Results. Only age and gender were significant supination and flexion strength predictors of the elbow. Hence, it was possible to calculate a gender-specific regression line for each forearm position to predict the age-dependent supination torque. The supination strength was greatest with the arm in 90
Introduction
The main function of the biceps brachii muscle and its proximal tendons in the shoulder is stabilization, assistance in arm abduction, and flexion and internal rotation. In the elbow joint, it acts as a flexor and as a supinator, especially at 90 ∘ elbow flexion [1] [2] [3] . Forearm supination is possible with the interaction of the supinator muscle and the biceps brachii muscle, where the biceps brachii muscle mainly contributes to the strength.
Lesions of the long head of the biceps tendon (LHBT) are a common cause of pain and functional impairment of the shoulder [4] [5] [6] [7] . After surgical LHBT treatment, the examination of the biceps brachii muscle function and strength is common clinical practice. The strength of the biceps brachii muscle is usually compared with the uninjured contralateral side or with a matched pair group, assuming that the uninjured side can be used as an appropriate reference [8] .
Both the LHBT tenotomy and the tenodesis present comparable postoperative clinical examination results, regardless 2 BioMed Research International of the cosmetic outcome, that is, potential risk of muscle belly distalization in terms of "Popeye's sign." Generally, postoperative clinical examinations assess the gross manual muscle function and therefore lack objectivity and reliability. Hence, it is difficult to recommend one procedure over the other, especially if the quantification of the potential deficit of the biceps brachii muscle function cannot be performed [8] [9] [10] [11] . Review of the current literature shows that neither reference values nor the impact of anthropometric factors affecting the strength of the elbow supination and flexion exists [12] .
The aim of this study is to investigate the supination and flexion strength of the elbow joint-the main function of the biceps brachii muscle-from a large cohort of healthy participants without a history of LHBT injury. The secondary aim is to analyze possible anthropometric factors of influence. We hypothesize that it is possible to define predictive values for each individual of any given age with multiple linear regression analysis.
Materials and Methods

The Participants.
A total of 105 participants (55 men, mean age: 50.6 ± 21.9 years; 50 women, mean age: 53.6 ± 21.7 years) without any shoulder pathologies, especially of the LHBT, were enrolled. This study received approval from the Local Research Ethical Committee. Power analysis was performed prior to testing in cooperation with the Institute for Medical Information Processing, Biometry and Epidemiology of our university. Participants with no history of shoulder disorders were acquired in our outpatient clinic and asked to participate in this study. In the younger and older age cohort, individuals were systematically addressed on campus and in nursing homes for the elderly.
The following criteria for exclusion were applied: impaired state of health or general condition; reduced range of motion of the upper extremities (shoulder, elbow, and hand); positive Jobe, Starter, Speed, Palm-Up, or Yergason's sign; pain in the upper extremity during testing or rest; a history of a traumatic event; and a neurological or inflammatory disease.
The following anthropometric factors were assessed: gender, handedness, age (in years), occupation, and athletic activity (including frequency and level of activity). In addition, the following values were measured: height; weight; body mass index; bilateral length of the upper and lower arm; bilateral circumference of the upper arm, the wrist, and the metacarpus; and skinfold measurement of the dorsal and ventral upper arm. The height, weight, and body mass index (BMI) were compared to the average values in the German population as listed on the homepage of the Federal Statistical Office [13] . The percentage of body fat was determined with a skinfold and compared to the age-and gender-dependent tables by Donoghue [14] .
Strength Measurement.
The isometric strength tests were performed with a custom engineered dynamometer consisting of two rotating aluminum discs interlocking at defined angles. Two ergonomic handle bars are attached to the outside disc facing the subject: one vertically on the front face and the other horizontal on the right side of the outside disc for measuring the supination and flexion strengths, respectively. The second disc, away from the subject, is affixed to a nonrotating torque sensor (Type 8627 Burster Präzisionsmesstechnik GmbH & Co. KG, Gernsbach, Germany) and the base plate; the sensor has a linearity error of 0.1% of the full scale (FS). The base plate is mobile on vertical tracks and can be adjusted to the height of the subject. The moment of supination and flexion with the torque sensor and A/D-transformer is analyzed with a computer and the graphical computer language software Laboratory Virtual Instrument Engineering Workbench (LabVIEW) (National Instruments Corporation, Austin, TX, USA). The custom engineered dynamometer is visualized in Figure 1 .
The testing was performed in a randomized manner and every participant underwent all measurements. The participants were introduced to the dynamometer by a single examiner to get accustomed with the device. A green signal on the computer monitor in front of the subject initiated the beginning of the isometric strength measurement and was stopped at a red signal. Each measurement was performed three times per position and the mean value was calculated. Both upper limbs were tested in an alternating manner. The testing was performed at intervals of three minutes between measurements to allow recuperation of the muscle groups. The supination strength in newton meters (Nm) was tested in two elbow positions. In position 1, the shoulder is in a neutral rotation, adducted to the body, and the elbow is flexed at 90 ∘ ( Figure 2 ). This represents the position in which the biceps brachii muscle has the maximal impact on supination strength. In position 2, the shoulder is in 90 ∘ anteversion and the elbow is fully extended at 0 ∘ . This is the position where the biceps brachii muscle has the lowest impact on supination strength.
Furthermore, the supination strength was tested in four different starting positions and supination intervals of 45 ∘ starting from 90 ∘ pronation of the forearm: 0 ∘ supination, 45 ∘ supination, 90 ∘ supination, and 135 ∘ supination (Figure 2 ). This resulted in a total of 8 different positions of the arm and therefore 8 tests per subject in a randomized manner. Position "90 0," for example, means that the elbow was flexed at 90 ∘ and the forearm was held in 0 ∘ supination. Position "0 90" on the other hand means that the elbow was fully extended and the forearm was supinated at 90 ∘ . All the possible elbow and forearm positions are summarized in Table 1 .
Data Analysis and Statistics.
Seven age groups with seven participants representing the decades of the adult population were enclosed in this study (see Table 2 ). The higher number of young male participants is due to the model validation and to the power analysis prior to testing.
Statistical data analysis was performed with SAS (Statistical Analysis System) software, Version 9.2 (SAS Institute Inc., Cary, NC, USA), and GraphPad Prism software, Version 6 (GraphPad Software Inc., La Jolla, CA, USA). The paired -test was used for the comparison for dependent samples and the Mann-Whitney test was used for independent samples. Multiple independent samples were analyzed with With the multiple linear regression analysis including a forward selection, the anthropometric variables were correlated to the measured supination/flexion strength of the forearm positions. Forward selection was based on tests for the regression coefficients. Independent variables with values less than 0.05 were included in the regression models; significance was also calculated based on a 5% level ( < 0.05). The multicolinearity and anthropometric variables problem was reduced by using the Principal Component Analysis. A matrix of rotating factors was calculated with the varimax rotation with the SAS software. An original variable was determined for all rotating components with the highest factor and was included in the multiple linear regression model-dependent on the values-and was defined as the leading variable. The dominant arms of the participants were tested consecutively in the 8 possible arm positions, and then the contralateral nondominant arms were tested.
Results
Anthropometric Data.
A total of 53 male participants (96.4%) and 45 female participants (90%) were right-hand dominant. The mean height, weight, and body mass index of the male and female participants were comparable to the average values of the German population measurements of the Federal Statistical Office [13] . The mean skinfold measurement of the dorsal and ventral upper arm of the male and female participants was higher than the average German population and measured 25.6 ± 7.1% and 32.8 ± 5.4%, respectively [13] . There were no differences between the male and female participants or between the right and left side regarding the length of the upper and lower arm and the bilateral circumference of the upper arm, the wrist, and the metacarpus. Table 3 shows a summary of the mean values of the anthropometric data.
Supination Strength.
The retrieved mean supination strength and the standard deviations according to the arm positions and age are summarized in Table 4 .
There was a significant increase ( ≤ 0.0001) in mean supination strength at 0 ∘ , 45 ∘ , 90 ∘ , and 135 ∘ positions of the forearm at 90 ∘ elbow flexion in comparison to full elbow extension at 0 ∘ in both male and female participants (see Figure 3) .
Participants below 39 years of age showed significantly higher supination strength using the Wilcoxon test in the dominant arm compared with the nondominant arm. This was predominantly observed in the male subgroup (8 arm positions); the female subgroup showed a significant difference in 1 arm position. The results of the arm dominance are summarized in Table 5 . The strength in the dominant arm diminishes with progressing age in both sexes.
Flexion Strength.
Male participants reached their maximum flexion strength, independent of the arm dominance in the 4th decade (30-39 years); with progressing age, the flexion strength in male participants decreases. Significance in arm dominance was visible only in the third decade with ≤ 0.001 and in the eighth decade (70-80 years) with ≤ 0.05. The female participants reached their maximum flexion strength in the 5th decade (40-49 years). Arm dominance was only visible in the 5th decade with < 0.05. The flexion strength of the male population was significantly higher than the female population with < 0.0001. The data regarding the flexion strength for both sexes is visualized in Figure 4 .
Regression Analysis of Anthropometric Factors.
The forward selection of anthropometric factors showed that only the age and gender of the assessed participants were ND90_0  ND0_0  ND90_45  ND0_45  ND90_90  ND0_90  ND90_135  ND0_135  D90_0  D0_0  D90_45  D0_45  D90_90  D0_90  D90_135 
Discussion
This study generated gender specific reference values for the supination and flexion strength of the elbow joint for LHBT healthy adults aged 20 and above. Anthropometric factor analysis showed that only age and gender of the cohorts were significant predictors of the supination and flexion strength. Although several studies exist in testing the strength of the forearm, this study is the first to analyze the influence of the elbow angle and supination angle on the torque and to develop an age related baseline. This baseline measurement can be used as a reference for comparison purposes in future studies. O'Sullivan and Gallwey investigated the forearm torque at different angles of the upper extremity and the muscular activity via an electromyography of the main torque muscles [15] . The maximum supination strength was recorded with an increasing flexion of the elbow and pronation of the forearm. The greatest measured effect of the biceps brachii on the supination was seen with the elbow flexed at 90 ∘ and the forearm in neutral or slightly supinated forearm position. In contrast, the lowest impact was registered with a maximal extension in the elbow and a pronated forearm [15] .
Winters and Kleweno analyzed the strength of the upper limb with the use of a kinetic communicator (Kin-Com) exercise system (Chattex Corp., Chattanooga, TN, USA) and three-dimensional upper limb model [16] . They observed that the influence of the biceps brachii muscle on the supination strength was minimal with the 90 ∘ shoulder flexion and adduction and 0 ∘ elbow extension and that the supination strength increases with increasing pronation [16] . The fact that the greatest supination torque is achieved out of a submaximum pronation position of the forearm could be verified in several other studies as well [17] [18] [19] .
In some study setups, the forearm of the subject lays on an adjustable armrest preventing evasive movements [16, 19] . In our setup, the participants were instructed to keep their upper limb in the designated positions during the motion sequence allowing more natural kinesthesia. The correct motion sequence was nevertheless under the close surveillance of the examiner, positions were corrected via a goniometer, and evasive moments were prevented.
The strength tests were conducted with alternating arms and a resting pause of at least three minutes was maintained to rule out early tiring as implemented in similar setups [15, 16, [18] [19] [20] [21] [22] .
Günther et al. described a positive correlation between the grip strength and the circumference of the metacarpus, wrist, and upper arm [21] . These variables were included in our study but showed no significant influence on the supination or flexion strength of the arms.
Young male adults between 20 and 39 years of age yielded the highest supination strength at 0 ∘ elbow extension and 90 ∘ elbow flexion starting from the 0 ∘ supination position. This was similar for the female population as well. The supination values for both sexes were comparable to the results yielded in other studies with a similar setup [15, 16, 19] . The observation that increasing elbow flexion results in increased supination strength was also comparable to other studies [15, 16, 23] . This was also independent of the gender of the participants. The starting position of the forearm showed a decrease of the supination strength with increasing supination position ( Table 5 ) [15-19, 24, 25] . This was significant for the male and female participants and the nondominant and dominant arm from the 90 ∘ supination position and 90 ∘ elbow flexion. The generated torque during forearm rotation is dependent on the position of the pronators and supinators. The supinator and biceps brachii muscles can develop torque 4 times greater if the supination is initiated in a pronation position [25] .
The flexion strength of the males was significantly higher than that of the female group. The values yielded in this study were higher than the values in other experimental setups [16, 24] . The only difference in our setup in comparison to the others was that our participants were standing rather than sitting. Whether the standing or sitting position affects the generated flexion torque remains unclear and requires further investigation. We observed significance in arm dominance only for the male group in the 3rd and 8th decades and for the female group in the 5th decade. This indicates that, in all other age decades, the contralateral limb can be used as a good reference by the clinician. Shank et al. 's statement that the dominant arm results in a significantly higher flexion strength could not be proven, especially when considering the fact that they observed 21 male and 10 female participants [24] .
The forward selection of anthropometric variables and multiple linear regression analysis with the supination and flexion strength resulted in the development of a novel prognostic, age-and gender-dependent baseline reference. The forward selection of anthropometric variables and multiple linear regression analysis with the supination and flexion strength resulted in the development of a novel prognostic, age-and gender-dependent baseline reference with high reliability of the predictive values.
Limitations.
The participants were recruited in the metropolitan area of our city with additional participants from the rural areas and residents of homes for the aged. Thereby, the urban and suburban population is represented.
The study was restricted to Europe typical Caucasian population. In existing publications, a greater muscle strength was described for the African population [15] .
The forearms of our participants were not positioned in an adjustable armrest to prevent evasive movements during supination strength testing and the participants were standing rather than sitting. It remains unclear whether these factors could affect the generated torque and requires further investigation.
Conclusion
This study was designed to define reference values of supination and flexion strength of the forearm in various elbow and forearm positions as a baseline reference in a healthy population with a large sample size in an adult Caucasian population subgrouped in decades. Furthermore, the influence of multiple anthropometric factors was investigated.
The multiple linear regression analysis shows that only the age and the gender have a significant predictive impact on the supination and flexion strength. Other anthropometric factors did not have or had only a very minor influence.
The data from this study could be used as a reference for comparing the healthy population to a LHBT impaired or injured population of a specific gender or age group.
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